ABSTRACT-The use of genetic maps is a useful tool in genetic research
INTRODUCTION
Genetic maps are useful tools in various fields of genetic research. The map distance between two markers is defined as a significant number of recombination events in each meiosis, expressed in centimorgans (cM). The relationship between map distance and recombination frequency is expressed by a mapping function. Different mapping functions correspond to different degrees of interference in crossing over (Stam 1993) . However, various mapping functions fail to yield proper joint recombination probabilities for more than three loci, which mean they are not multilocus probabilities (Goldstein et al. 1995) .
Models for multilocus analysis are different from models for two loci analysis because it considers all the information of the intervals between pairs of loci in a linkage group (Schuster and Cruz 2004) .
According to Liu (1998) , there are a few obstacles to the implementation of the multilocus analysis in genetic linkage studies and in the construction of maps. Some of those obstacles are the complexity of the multilocus likelihood function, the large number of parameters when high levels of interference occurs and the loss of part of the data necessary to construct a multilocus model. In addition there is still demand for intensive computational time for the construction of genetic maps in this multilocus model.
When the multilocus analysis is used, the appropriateness of the mapping functions depends on whether what is assumed about the existence and magnitude of interference is true or false. The choice Efficiency of the multilocus analysis for the construction of genetic maps of the mapping function is very important to the result obtained since the adoption of one, between the different mapping functions, depends on assumptions about the distribution of the crossing over, degree of interference and length of the chromosome segment in question (Schuster and Cruz 2004) .
The objective of this study is to compare, through simulations, the efficiency in the use of different mapping functions with and without multilocus analysis as a tool in the construction of genetic maps.
MATERIAL AND METHODS
A genome with three linkage groups was simulated. The first linkage group had 50 centimorgans (cM), the second and third had 100 cM and 200 cM respectively. Each group had 11 molecular markers, codominant, and equally spaced, so that each linkage group had the saturation of 5, 10 and 20 cM respectively. Homozygous and contrasting parents were used. Parent 1 was dominant and parent 2 was recessive. We simulated four F 2 mapping populations with 10 replicas each. The size of each population was 50, 100, 200 and 400 individuals respectively.
After these simulations the distance matrices were generated using the different mapping functions and multilocus analysis, resulting in five treatments. The first treatment had the distance unit expressed in recombination frequency. This was used as a control treatment since it did not use any multilocus analysis. The second treatment had the distance expressed in Haldane function and multilocus analysis based on the maximum likelihood method. The third treatment had the distance expressed in Haldane´s function and analysis based on multilocus method of least squares. Treatment four had the distance expressed in Kosambi´s function and multilocus analysis based on the maximum likelihood method. Treatment five had the distance expressed in Kosambi´s function and analysis based on multilocus method of least squares.
All simulations and comparisons of the genomes were accomplished using the software GQMOL (Cruz and Schuster 2001) After estimating the distances between the marks an analysis of variance (Anova) was performed for the total length of each linkage group. To compare the means of each treatment studied, a Tukey test was performed using the software Genes (Cruz 2006) .
RESULTS AND DISCUSSION
In the population with 50 individuals it was observed, through the analysis of variance, statistical significance only between treatments in the first linkage group with length of 50 cM (GL1). Treatments for the second linkage group (100cM) did not show statistical significance (Table 1) . In this population, the treatments for the third linkage group (200cM) were not analyzed because during the mapping procedure, in 70% of the times (7 replicas), the markers located in this linkage group were mapped in more than one group. This event shows that population's sizes below 50 individuals are not sufficient to recover the information during the mapping procedure when a low level of saturation, such as 20cM, is used. In this case, larger populations or higher saturation levels should be used (Bhering and Cruz 2008) .
The treatments where multilocus analysis was performed based on least square (treatments 3 and 5) showed worse distance estimations in relation to values obtained by the method of maximum likelihood (treatments 2 and 4 ), although this was not a statistically significant difference (Table 2 ). In this case the closer to 50 cM indicates that is the best methodology to recover the information originally set out in simulations. It was also observed that the distances estimations (42,395 and 41,975) were more distant from the expected size of the linkage group when the Kosambi function was used (treatments 4 and 5 respectively).
In the population of 100 individuals it was observed that the linkage groups 1 and 2 (GL1 and GL2) had significant differences at 1%, between their treatments. Only the GL3 was not statistically different for the treatments tested (Table 3 ). All the treatments succeeded in mapping the simulation information showing that by increasing the population size of the original information can be correctly estimated. Table 4 shows the result obtained by the Tukey test performed for the first and second linkage group (GL1 and GL2) since the third linkage group was not statistically significant. The treatments 1, 2 and 3 did not differ among themselves, and have their values closer to what was set initially (50 cM for GL1 and 100 cM for GL2). Once again it was observed that when the Kosambi function is used, the distances are more divergent than desirable. It was also observed that distance estimates for treatment 1 (where the multilocus analysis was not used) were closer to the values initially set (50 cM for GL1 and 100 cM for GL2) although this result was not statistically different.
The treatments of population of 200 individuals showed significant differences for all 3 sizes of the linkage group tested as can be seen in the Table 5 of analysis of variance.
The Tukey test was performed on the population of 200 individuals (Table 6 ). It was observed that for the GL1, treatments 1, 2 and 3 did not differ among themselves, and the distance values were the closest to the original 50 cM. For GL2, Treatment 1, which did not use multilocus analysis, showed the closest estimation of the expected distance of 100 cM. Similar results were observed for GL3, but in this case treatments 1, 2 and 3 did not differ statistically. This indicates that the multilocus analysis was not an effective methodology for this type of analysis.
Treatment
Length ( Table 4 . Tukey test performed on the population of 100 individuals at a significance level of 5%
Efficiency of the multilocus analysis for the construction of genetic maps
The Haldane´s function is more effective for smaller linkage groups (50 cM) than the Kosambi´s function. When the size of the linkage group is increased, distances in Kosambi´s function becomes more effective. Considering the same unit of distance (Haldane or Kosambi) there was not any statistical difference between the two methods of multilocus analysis (Maximum Likelihood and Least Squares).
The analysis of variance of the linkage group length for the population size of 400 is shown in Table 6 . Tukey test performed on the population of 200 individuals at the significance level of 5% individuals). Treatments 1, 2 and 3, did not differ among themselves. Treatment 1, without multilocus analysis statistically differed from the others For the linkage groups 2 and 3 (GL2 and GL3). The linkage group´s lengths of treatment 1 were the closest among all treatments to the desired size ( 100 cM gor GL2 and 200 cM for GL3). In possession of all the results, it could be observed that multilocus analysis was not efficient to recover the linkage group´s size of this simulation. In all cases the treatment which the distance estimation was expressed in recombination frequency (Morgan), obtained the best distance estimate, since their values were always the closest to the values initially set. Another important fact that we can infer is that Haldane's function was more efficient when smaller linkage groups (50 cM) were used. In both cases significant differences between the two multilocus methodologies tested could not be observed (Maximum Likelihood and Least Squares). Therefore the superiority of either strategy for multilocus analysis cannot be inferred.
When the population's size was increased, larger differences between treatments were observed. In the population of 50 individuals only linkage group 1 showed statistic difference and GL3 was unable to reproduce the original linkage group. All the other populations' sizes reproduced the original linkage group and all the groups were statistically significant in the sizes of 200 and 400.
With the results obtained it could be observed that:
The multilocus analysis was not efficient in any case for the construction of genetic maps and was not useful to improve the efficiency of the distance estimates.
It was not possible to infer the efficiency of the two multilocus methodologies tested since we could not detect statistically significant differences between them.
Distances expressed in Kosambi´s function were more efficient thant Haldane´s function for larger linkage groups.
The simulation study was better accomplished with larger population sizes since in those sizes the differences between treatments could be observed. 
Eficiência da análise multiloco para a construção de mapas genéticos
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